Introduction
Gastric cancer is one of the most common malignant cancers worldwide. Although its incidence has been decreasing during the past decades, the prognosis remains poor for patients at advanced stage. 1 The development of novel chemotherapeutic drugs helps to improve patient survival, but chemoresistance remains as an important obstacle during gastric cancer treatment. 2 The mechanism behind gastric cancer progression and chemoresistance is quite complex, which involves genetic and epigenetic alterations. To improve the understanding of gastric cancer progression and chemoresistance, novel molecular mechanisms and therapeutic targets should be explored.
Rab18 belongs to the RAS superfamily of small G-proteins which are regulators of vesicular transport and signal transduction. Rab18 has been reported to localize to lipid droplets. 3 Rab18 is involved in lipogenesis, lipolysis, and obesity. 4 Rab18 binds to hepatitis C virus and promotes interaction between sites of viral replication and lipid droplets. 5 Rab18 is important for normal endoplasmic reticulum structure submit your manuscript | www.dovepress.com
Dovepress

7806
Wu et al and plays a critical role during brain and eye development; the loss-of-function mutations in Rab18 cause Warburg Micro syndrome. 6 There is also evidence that Rab18 plays a key role during carcinogenesis. It has been reported that hepatitis B virus X protein upregulates Rab18, which leads to lipogenesis dysfunction and hepatoma proliferation. 7 A study which performed screening of four medulloblastoma cDNAs indicated Rab18 as a novel tumor antigen. 8 It has been reported that Rab18 promotes non-small-cell lung cancer cell proliferation, 9 suggesting that Rab18 functions as an oncoprotein during human carcinogenesis. A recent study also showed that miR-455-5p acts as a tumor suppressor in gastric cancer by targeting Rab18, 10 indicating the potential involvement of Rab18 in gastric cancer. However, this study did not validate the biological role of Rab18 and its clinical significance. To date, the expression pattern of Rab18 in human gastric cancers has not been explored. In addition, its biological roles and the potential biological mechanism need further investigation.
In the present study, we examined the expression pattern and biological roles of Rab18 in human gastric cancer in vitro and in vivo, and provide evidence that Rab18 serves as a prognostic indicator and oncoprotein in human gastric cancers. We also indicate that Rab18 regulates chemoresistance through survivin-mediated mitochondrial regulation.
Materials and methods
Patients and specimens
This study protocol was approved by the ethical review board of Chongqing Medical University. Primary tumor specimens were obtained from 91 patients diagnosed with gastric cancer between 2010 and 2015. Participants provided written informed consent, and the study was performed according to the principles of the Declaration of Helsinki. The histological examination was performed on sections stained with H&E according to the 2004 WHO classification guidelines. Fresh samples of gastric cancer tissues and corresponding adjacent normal tissues were obtained by surgical removal and stored at -80°C.
immunohistochemistry
Paraffin tissue sections were made, and immunostaining was performed using Elivision kit from MaiXin (Fuzhou, China). After antigen retrieval in citrate buffer (pH 6.0) for 2 minutes in an autoclave, 0.3% hydrogen peroxide was added for 10 minutes. Sections were incubated with goat serum (ready-to-use; MaiXin) to reduce nonspecific binding. Then, sections were incubated with Rab18 antibody (1:300 dilution; Proteintech, Rosemont, IL, USA), p-Rb antibody (1:200 dilution; Cell Signaling Technology, Danvers, MA, USA), and survivin antibody (1:400 dilution; Cell Signaling Technology) at 4°C overnight. After incubation, horse radish peroxidase (HRP)-conjugated polymers were applied to sections. DAB-Plus kit (MaiXin) was used for staining.
cell culture and transfection GES-1, MGC-803, SNU-1, AGS, HGC-27, and NCI-N87 cell lines were purchased from Shanghai cell bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 with 10% FBS under the conditions of 37°C and 5% CO 2 . pCMV6 empty vector (EV) and pCMV6-Rab18 were obtained from OriGene (Rockville, MD, USA). Plasmid transfection was performed using Lipofectamine 3000 reagent. For stable Rab18 transfection, selection was performed using G418 for 10 days. Rab18 siRNA and negative control siRNA were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Dharmafect1 was used for siRNA transfection (GE Healthcare, Chicago, IL, USA).
Western blotting
Proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) and incubated overnight at 4°C with antibody against Rab18 (1:1,000; Proteintech), p-Rb, survivin, cleaved caspase 3, cleaved PARP, cytochrome c (1:1,000; Cell Signaling Technology), Aurora B, Aurora B (phospho S227) (1:800; Abcam, Cambridge, UK), and GAPDH (1:3,000; Santa Cruz Biotechnology). After incubation with HRP-linked anti-mouse/rabbit IgG (1:3,000; Santa Cruz Biotechnology) at 37°C for 2 hours, proteins were visualized using enhanced chemiluminescence system (Thermo Fisher Scientific, Waltham, MA, USA) and DNR gel documentation system (DNR BioImaging Systems, Neve Yamin, Israel).
MTT and colony formation assays
For MTT assay, cells were plated in 96-well plates in medium containing 10% FBS at ~3,000 cells per well 24 hours after transfection. Then, 20 µL of 5 mg/mL MTT (thiazolyl blue) solution was added to each well and incubated for 4 hours at 37°C. The medium was removed from each well, and the resulting MTT formazan was solubilized in 150 µL of dimethyl sulfoxide, which was measured at 490 nm using a plate reader. To analyze colony formation, cells were seeded in culture dishes and cultured for 2 weeks. Then, these plates were stained using Giemsa. annexin V/Pi staining Annexin V/PI staining kit from BD Biosciences was used to determine the rate of apoptosis according to the manufacturer's protocol. Flow cytometry was performed using ACEA Flow Cytometer with NovoExpress software.
Matrigel invasion assay
Cell invasion assay was performed using a 24-well Transwell chamber coated with 20 µL Matrigel. Cell suspension with serum-free medium was transferred to the upper chamber. Medium supplemented with 10% FBS was added to the lower chamber. After 20-24 hours, invading cells that invaded through the membrane were fixed and stained with hematoxylin.
Wound healing assay
Gastric cells were seeded in a culture plate as a monolayer. Then, the cell monolayer was scratched with a pipette tip. Images of cell monolayer were taken using a microscope at 0-and 24-hour time points. The gap distance was measured, and the percentage of migration was calculated.
cell adhesion assay
The cell adhesion assay was carried out using fibronectincoated plates. Cells after transfection were plated and incubated for 2 hours at 37°C to adhere. The non-adherent cells were washed away and the remaining cells were fixed, stained, and counted under a microscope.
Mitochondrial membrane potential and rOs production
The mitochondrial membrane potential (MMP; Δψm) was detected using JC-1 staining method. Briefly, cells were harvested, washed with PBS, and incubated with 5 µM JC-1 (Cell Signaling Technology) for 30 minutes in the incubator. Then, cells were washed and analyzed using ACEA Flow Cytometer. Data were analyzed using NovoExpress software. ROS measurement was conducted using live cells with CellROX Deep Red Reagent (Thermo Fisher Scientific) according to the manufacturer's protocol. Cells were analyzed using ACEA Flow Cytometer. Data were analyzed using NovoExpress software.
Immunofluorescence
Cells on Lab-Tek Chamber Slides (Thermo Fisher Scientific) were fixed with 4% paraformaldehyde in PBS, permeabilized using 0.1% Triton X-100, blocked with serum, and then incubated with primary antibodies and AlexaFluro 488-conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA). Photos were taken using Olympus BX53 microscope (Olympus, Tokyo, Japan).
Stable Rab18 knockdown shRNA sequence was designed based on the Rab18 sequence as follows: 5′-CCGGCATTAA CTCCCAGCTATTATACTCGAGTATAATAGCTGGGA GTTAATGTTTTTG-3′. The shRNA sequences were cloned into pLKO vector. The lentiviral vectors were transfected into cells at a multiplicity of infection of 30 in the presence of polybrene. At 72 hours after the infection, the infected cells were treated with 2 µg/mL puromycin for 10 days.
nude mice xenograft
The Experimental Animal Ethics Committee of Chongqing Medical University approved the use of laboratory animals. BALB/c athymic nude mice (4 weeks old) were purchased from Shanghai Slac Laboratory Animals Ltd. (Shanghai, China). All animal experiments and procedures conformed to the institutional animal care guidelines. A xenograft model was established by subcutaneous right armpit injections of stable cell lines (8 million cells). Tumor size was measured every 5 days.
From day 10, cisplatin (CDDP) was administered at doses of 5 mg/kg every 5 days; three injections of CDDP were given in total. After 25 days, animals were sacrificed and xenograft tumors were removed. statistical analysis SPSS version 16 (SPSS Inc., Chicago, IL, USA) was used for all analyses. Student's t-test was carried out to compare data between control and experiment group. P,0.05 was regarded as statistically significant.
Results
rab18 was overexpressed in human gastric cancer and its overexpression was correlated with poor prognosis
To explore the expression pattern of Rab18 in human gastric cancer, 91 samples of gastric cancer tissues and 15 samples of normal gastric tissues were collected and Rab18 protein expression was examined using immunohistochemistry. As shown in Figure 1A , negative staining was observed in normal gastric tissues. Elevated cytoplasmic staining was observed in 42 of 91 (46.15%) samples of gastric Table 1 . We found that Rab18 overexpression was significantly associated with advanced TNM stage (P=0.002) and presence of nodal metastasis (P=0.0221). Kaplan-Meier analysis was performed to analyze its association with prognosis, and the results showed that patients with elevated Rab18 levels showed poorer overall survival than those with low Rab18 levels (log-rank test, P=0.0008) ( Figure 1G ). In addition, we validated Rab18 overexpression in fresh gastric cancer tissues and corresponding normal tissues using Western blots. As shown in Figure 2A , Rab18 protein expression in cancer tissues was higher than that in corresponding normal tissues. The specificity of antibody was validated using tissue samples and AGS cell proteins and AGS-siRab18 protein.
As shown in Figure S1A , Western blot bands for Rab18 in tissues and AGS/AGS-siRab18 protein were of the same molecular weight, which validated the specificity of antibody for Western blot and immunohistochemistry. rab18 promoted cell proliferation and cell cycle progression Rab18 protein expression was examined in five gastric cancer cell lines including SNU-1, AGS, HGC-27, NCI-N87, and MGC-803, and the normal cell line GES-1. As shown in Figure 2B , AGS cell line had relatively high endogenous Rab18 expression while SNU-1 had relatively low Rab18 expression. Immunofluorescence of Rab18 was performed in AGS and HGC-27 cell lines with higher Rab18 expression. Cytoplasmic localization was observed in both cell lines. Localization of Rab18 staining was observed around vesicles in AGS cells ( Figure S1C ), which was in accord with the fact that Rab18 was associated with vesicle transportation. SNU-1 was selected for plasmid transfection, and AGS was used for Rab18 siRNA knockdown. As shown in Figure 2C , transfection and siRNA knockdown efficiency were validated by quantitative real-time PCR and Western blotting, respectively.
MTT and colony formation assays were carried out to analyze the role of Rab18 in proliferation. MTT assay showed that the proliferation rate of AGS cells decreased significantly after Rab18 depletion, while Rab18 overexpression promoted proliferation of SNU-1 cells ( Figure 3A) . Colony formation assay demonstrated that Rab18 positively regulated colony formation ability in gastric cancer cells ( Figure 3B ). In addition, cell cycle analysis demonstrated that Rab18 overexpression upregulated S phase percentage and promoted G1-S transition in SNU-1 cells, while Rab18 depletion inhibited G1-S cell cycle transition ( Figure 3C ).
rab18 promoted gastric cancer cell invasion and migration and inhibited cell adhesion
The correlation between Rab18 and nodal metastasis suggested the potential role of Rab18 in gastric cancer cell invasion, migration, and adhesion. To investigate this further, we performed Matrigel invasion assay, wound 
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Wu et al healing assay, and adhesion assay. As shown in Figure 4A , Rab18 overexpression upregulated the number of invading SNU-1 cells, while Rab18 depletion decreased the invasion of AGS cells. Wound healing assay was carried out to determine the effect of Rab18 on cell migration. As shown in Figure 4B , Rab18 overexpression elevated the migration speed of SNU-1 cells, while Rab18 knockdown inhibited AGS cell migration. Cell adhesion assay demonstrated that Rab18 overexpression downregulated cell adhesion ability in SNU-1 cells, while Rab18 depletion upregulated AGS cell adhesion ( Figure 4C ).
rab18 enhanced chemoresistance in gastric cancer cells 
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rab18 promotes proliferation and chemoresistance through mitochondrial function in gc was also carried out to examine the change of apoptosis after CDDP treatment. As shown in Figure 5B , Rab18 overexpression reduced the rate of CDDP-induced apoptosis, while Rab18 knockdown upregulated CDDP-induced apoptosis in SNU-1 cell line. These results suggested that Rab18 overexpression conferred chemoresistance in gastric cancers.
rab18 regulated MMP and rOs production
Because chemoresistance is closely related to mitochondrial function, we examined whether Rab18 could control MMP (Δψm). JC-1 staining was used to examine MMP, which shows red fluorescence under normal condition and turns into green when Δψm is decreased. As shown in Figure 6A , the percentage of green-stained cells was less among Rab18-overexpressed SNU-1 cells, suggesting Rab18 upregulated Δψm in CDDP-treated cells, while Rab18 siRNA showed the opposite effect in AGS cells. In cells without CDDP treatment, the change of apoptosis was not significant. ROS production is induced by chemotherapeutic agents leading to cell injury and apoptosis, which is closely associated with mitochondrial function. We examined ROS levels by flow cytometry using CellROX Deep Red Reagent. As shown in Figure 6B , Rab18 overexpression reduced the level of ROS accumulation, while Rab18 depletion increased ROS accumulation after the CDDP treatment.
rab18 regulated p-rb, survivin, and apoptosis-related proteins
To further elucidate the association between Rab18 and chemoresistance and proliferation, we determined the changes of related proteins. As shown in Figure 7 , Rab18 overexpression upregulated survivin and p-Rb protein levels, while Rab18 depletion reduced survivin and p-Rb expression in both CDDP-treated and CDDP-untreated groups. In addition, Rab18 downregulated cytochrome c, cleaved caspase 3, and cleaved PARP in CDDP-treated SNU-1 cells, whereas Rab18 depletion upregulated cytochrome c, cleaved caspase 3, and cleaved PARP in CDDP-treated AGS cells. We also examined protein expression of Aurora B and Aurora kinase B (S227), which act as upstream activators of survivin. As shown in Figure S1B , Rab18 did not cause significant change of these proteins.
rab18 regulated tumor growth in vivo
To examine the effect of Rab18 on tumor growth in vivo, we established Rab18-overexpressing SNU-1 cell line by G418 selection. We also identified AGS cells that were stably transfected with Rab18 shRNA using puromycin selection. These cells were injected subcutaneously into nude mice, and the mice were treated with CDDP after 10 days of injection. As shown in Figure 8 , the in vivo growth rate and tumor sizes 
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Wu et al of Rab18-overexpressing SNU-1 cells were much larger than control cells. Tumors of Rab18-overexpressing cells were also larger than controls cells after cisplatin treatment, while Rab18 shRNA exhibited the opposite effects in AGS cells. In addition, H&E staining, TUNEL assay, and immunostaining for Rab18, p-Rb, and survivin were performed in tumor tissues ( Figure S2 ). Rab18-overexpressing tumors showed higher expression of p-Rb and survivin in both CDDP-treated and CDDP-untreated groups. The level of TUNEL staining was lower in Rab18-overexpressing tumors than control tumors. Rab18 depletion showed the opposite effect on AGS and AGS-shRab18 cells.
Discussion
Rab18 was originally identified as a small G-protein that regulates lipid metabolism, and plays an important role during brain and eye development. 3, 4, 6 Recent evidence indicated Rab18 as a cancer-associated protein. Rab18 could induce hepatoma and non-small-cell lung cancer cell proliferation. 9 However, the clinical significance of Rab18 in human gastric cancer remains unexplored. To address this issue, we analyzed the protein expression pattern of Rab18 and found that Rab18 was overexpressed in gastric cancer tissues. High Rab18 status positively correlated with advanced TNM stage and presence of nodal metastasis. Importantly, Rab18 overexpression correlated with poor patient survival, making it a potential prognostic cancer marker in human gastric cancer.
The clinical data indicated that Rab18 is a potential oncoprotein. To validate this, we first screened gastric cancer cell lines for Rab18 expression and showed that the expression of Rab18 in gastric cancer cell lines was higher than that in 
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Wu et al normal GES-1 cell line. A previous report showed that Rab18 could positively regulate lung cancer cell proliferation. 9 Hence, we examined the role of Rab18 in cell proliferation using MTT, colony formation assay, and cell cycle analysis. Our data demonstrated that Rab18 overexpression promoted cell growth and colony formation ability, with accelerated G1-S cell cycle transition, while Rab18 depletion showed the opposite effects. Importantly, our data showed that Rab18 also promoted cell proliferation in vivo. Accordingly, our results also showed that p-Rb expression was upregulated after Rab18 overexpression and downregulated after Rab18 depletion. The tumor suppressor protein Rb is dysregulated in most cancer, which prevents excessive cell growth by inhibiting cell cycle progression. 11 When Rb is phosphorylated, it becomes inactive and allows cell cycle progression. Thus, our results indicated that Rab18 promoted gastric cancer proliferation in vitro and in vivo, possibly through facilitating cell cycle progression by positive regulation of p-Rb.
Because Rab18 protein status correlated with nodal metastasis, we assumed that it regulated gastric cancer cell invasion and migration. Matrigel invasion assay and wound healing assay were carried out to validate these functions. Our results demonstrated that Rab18 overexpression promoted cell invasion and migration. Decreased cell adhesion also contributed to cancer metastasis. These results indicated Rab18 as a promoter of cancer cell invasion. Our adhesion assay showed that Rab18 slightly decreased the adhesion of gastric cancer cells to fibronectin, which is not consistent with the fact of enhanced invasion. Cell invasion is a multistep process including attachment to the extracellular matrix (ECM) and proteolytic remodeling of the ECM, led by advancing protruding pseudopods and migration of the tumor cell body through the remodeled matrix. Change of each step could lead to enhanced cell invasion. Wound healing assay suggested that Rab18 could enhance the speed of cell migration, which may explain its role in cell invasion. In addition, no correlation between Rab18 and local invasion (T stage) has been identified. This discrepancy could be explained by the multiple genetic factors (loss of adhesion molecules and upregulation of ECM-degrading enzyme) contributing to the tumor invasion in clinical circumstance.
The role of Rab18 in apoptosis has not been reported. To clarify the role of Rab18 in cancer cell apoptosis and chemoresistance, we treated cells with CDDP and examined cell viability and apoptosis rate using Annexin V/PI staining. Our data demonstrated that Rab18 overexpression was able to maintain cell viability, which was downregulated by the CDDP treatment. In addition, the rate of CDDP-induced 
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Mitochondria play a pivotal role in apoptosis. Chemotherapeutic drugs, such as CDDP, induce apoptosis through mitochondria-dependent pathways. [12] [13] [14] We first analyzed the role of Rab18 in mitochondrial function by examining MMP using JC-1 staining. We found that Rab18 overexpression was able to upregulate MMP while Rab18 depletion downregulated MMP. Downregulation of MMP could trigger apoptosis through mitochondria-dependent pathway, which releases cytochrome c with an increased membrane permeability. 15 Thus, our results indicated that Rab18 might inhibit apoptosis through positive regulation of MMP.
Next, we examined the change of cytochrome c, cleaved caspase 3, and cleaved PARP. Cytochrome c is bound to the inner membrane by anionic phospholipids. Cytochrome c is released into the cytosol as the outer membrane of mitochondria becomes permeable with the downregulation of MMP, and this acts to trigger caspase and PARP cleavage/ activation. Our results demonstrated that Rab18 inhibited the release of cytochrome c and the expression of cleaved caspase 3/PARP, supporting the role of Rab18 in apoptosis inhibition and MMP maintenance.
Apart from the induction of DNA damage, recent data have suggested that CDDP could induce the formation of ROS. 16 ROS is a by-product of cell metabolism under normal conditions. However, excessive ROS triggers apoptosis pathway by altering the MMP and damaging the respiratory chain. 17, 18 Our data demonstrated that Rab18 had a protective role during CDDP-induced ROS formation. Considering the connection between ROS and MMP, it is possible that Rab18 inhibits CDDP-induced ROS production, which maintains MMP and reduces cytochrome c release, thus inhibiting CDDP-induced apoptosis. To identify the possible mechanism for the role of Rab18 in apoptosis, we screened related proteins and found that Rab18 was able to upregulate survivin in vitro and in vivo. Survivin, also known as BIRC5, is a member of the inhibitor of apoptosis family. Survivin localizes in the mitochondria and inhibits apoptosis. 19, 20 Previous reports indicate that survivin negatively regulates ROS production and protects cancer cells from drug-induced cell death. 21 We also sought to explore the potential mechanism of survivin regulation by examining Aurora B, an upstream regulator of survivin. However, Rab18 did not cause a significant change in Aurora B expression. Thus, the above results suggest a link between Rab18, survivin, mitochondrial function, and chemoresistance.
In conclusion, the present study identified Rab18 as a cancer-related protein that was overexpressed in human gastric cancers. Its overexpression correlated with advanced stage and poor patient prognosis. Rab18 promoted gastric cancer cell proliferation in vitro and in vivo. Rab18 also inhibited apoptosis through the regulation of mitochondrial function and ROS production, possibly through survivin.
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